Manganese (Mn) is an essential nutrient; however, overexposure can be neurotoxic. Recent evidence suggests that exposure to Mn from drinking water could be neurotoxic; however, research is hampered by the lack of consensus on a reliable biomarker of Mn exposure. Naturally high concentrations of Mn can occur in groundwater, particularly for private, unregulated water systems. This study aimed to investigate the association between exposure to Mn from drinking water with a relatively low Mn content (median of 2.9 μg/L; range, undetectable-8,340 μg/L) and Mn in toenails from women collected at two time points: during and after pregnancy. Mn concentrations in the paired toenail samples gathered during the second to third trimester of pregnancy and 2 weeks postpartum were correlated (r = 0.47, p < 0.001, n = 596). Among women consuming drinking water Mn in the highest tertile (i.e., > 9.8 μg/L) significant positive correlations were found between water Mn and toenails Mn (r = 0.31 and r = 0.38, for toenail samples collected during pregnancy and postpartum, respectively), whereas little to no correlation was observed at lower water concentrations. Overall, our data suggest that maternal toenail samples are a reliable environmental Mn exposure biomarker and reflect exposure from drinking water.
Introduction
Manganese (Mn) is a naturally occurring abundant element in the environment, and as an essential nutrient plays a vital role in brain growth and development [1, 2] . Adverse health outcomes have been associated both with Mn deficiency and overexposure with a U shape dose-response relationship [1] [2] [3] . Diet is the primary source of Mn and while cases of Mn deficiency have only been observed experimentally [4, 5] , there are data to suggest that subclinical Mn deficiency may be more prevalent than previously thought [6, 7] . Overexposure to Mn on the other hand is welldocumented and the central nervous system has been found to be the most susceptible target of toxicity [8] [9] [10] [11] [12] . Excessive occupational exposure to airborne Mn induces neuromotor and cognitive impairment, as well as neuropsychiatric symptoms [13, 14] . In occupational settings, inhalation of airborne particles is generally the main source of Mn exposure and can result in deficits in neurofuctional outcomes such as impaired fine motor skills, hand-eye coordination and reaction time [11, 15, 16] .
The risks from occupational exposure to airborne Mn are recognized, but accumulating evidence suggests that exposure to Mn from drinking water also could be related to neurotoxicity [17] [18] [19] [20] [21] [22] [23] . Furthermore, in utero and early-life exposure to Mn in water may represent vulnerable exposure windows, as exposure during development has been associated with lower intelligence quotient, impairment of manual dexterity and speed, short-term memory, and visual identification among children [17-20, 22, 23] . Naturally high concentrations of Mn are found in groundwater in several regions in the United States and throughout the world [24] . Concentrations of Mn can vary by several orders of magnitude in a given region, as a result from weathering and leaching of Mn-bearing minerals and rocks into the aquifers [1, 2] . The US EPA has set a Mn secondary standard of 50 μg/L for esthetic reasons (color, staining, and taste) and a health advisory for lifetime exposure of 300 μg/L in drinking water [25] . Canada, based on neurological effects observed in rodents and epidemiologic studies conducted in infants, has proposed a lower level of 100 μg/L along with an esthetic level of 20 μg/L [11] .
The potential health impact of environmental Mn exposure is an active area of investigation, but research is hampered by the lack of consensus on the most reliable Mn exposure biomarker. Previous studies on Mn-exposed populations have used blood, urine, saliva, and hair. Blood and urine Mn content poorly correlates with longterm Mn exposure because they reflect exposure occurring within the few hours prior [26] . Very little data are available for saliva, but it was found to correlate poorly with Mn exposure from drinking water in children [27] . The biomarker most reliably correlated with drinking water exposure to Mn is hair, with positive correlations reported in many studies [17, 21, 23, [27] [28] [29] [30] [31] . However, the potential for external contamination of hair has been raised as an issue affecting the validity of hair Mn as an internal dose measure of exposure [32, 33] . Hair and nails consist of keratins, which are fibrous proteins that contain disulfide bridges that chelate metal. The slow growth of hair and nails in theory can provide a time-weighted exposure to metals over several months, although the toxicokinetics of Mn incorporation into the hair and nail matrices are not yet fully elucidated [16, 27, 34] . Only a few studies, including in occupational settings and in a study of children from New Brunswick, Canada, have evaluated toenails as a potential biomarker of Mn exposure [15, 16, 27, 35] . Given their relative ease of collection, transport and storage, we investigated the association between exposure to Mn from private drinking water systems and Mn content in toenail samples collected in women during and after pregnancy.
Materials and methods

Study population
For this study, we used data from the ongoing New Hampshire Birth Cohort Study (NHBCS)-a prospective cohort study that enrolled pregnant women from 18 to 45 years of age, living in the same residence since their last menstrual period with no plans to move during pregnancy, and whose primary drinking water source was an unregulated private water system (e.g., private well). Women were enrolled at~24-28 weeks of gestation at which time a medical history, a lifestyle, and an occupational history and activities questionnaires were administered. Further details regarding the general design of the NHBCS have been described in detail previously [36, 37] . The Committee for the Protection of Human Subjects at Dartmouth College approved the protocol of the study, and all participants provided written informed consent in accordance with guidelines from the committee.
Drinking water sampling, measurements, and participant's water consumption Participants were provided with a kit to collect a home tap water sample at enrollment using a commercially washed, high-density polyethylene bottle complying with the EPA's standards for water collection. The bottles were kept in clean, sealed bags, and participants were provided with detailed instructions to minimize contamination. Water samples were frozen at − 20°C or lower until analysis. Water samples were tested for Mn and other elements at the Trace Element Analysis Core at Dartmouth using a Quadruple collision cell 7500c Octopole Reaction System Inductively Couple Plasma Mass Spectrometer (ICP-MS) (Agilent). Replicate samples of NIST Natural Water Standard Reference Material 1640a with a total Mn certified value of 40.07 ± 0.035 μg/L (mean ± SD) and blank samples were included in the analysis as quality control measures. Maternal daily water consumption was estimated as the average consumption reported in a 2-day food diary collected at enrollment. As a reference value, participants were told that one cup equals 8 oz.
Toenail collection and measurements
Women participants in this study were asked to provide toenail samples twice-at enrollment (at~24-28 weeks of gestation) and 2 weeks postpartum. At both time points detailed instructions were provided to collect the toenail clipping samples, which include thoroughly removing any nail polish before sample collection. Before analysis, the samples were first manually washed to remove visible dirt followed by sequential washes in an ultrasonic bath using acetone, Triton X-100 (LabChem, PA, USA) and finally five rinses with deionized water. Then, the toenails were dried and low-pressure microwave digested. The Mn content in the maternal toenail samples was determined using an ICP-MS at the Trace Element Analysis Core at Dartmouth. In each analysis batch, duplicate analysis of digested toenails samples and spikes of digested samples along with blank and fortified blank digests were included as quality control measures. There is not an available toenail Mn Certified Reference Material yet. The Core does participate in a proficiency testing program (QEMQAS, Center for Toxicology, Quebec) where hair is one of the sample types; the Core lab results for Mn in hair (n = 8) over the duration of the NHBCS analysis was 100 ± 5% relative to the consensus mean from all the participants of the proficiency testing program.
Statistical analysis
Drinking water and maternal toenail Mn concentrations were natural log-transformed before statistical analysis owing to their skewed distributions. Among women who recorded the amount of household water consumption in the 2-day food diary, their estimated daily-ingested Mn from water was calculated as home water Mn concentrations multiplied by their average reported daily tap water consumption. Among women who reported household water consumption and their daily water intake, Pearson's correlation and Local Polynomial Regression (loess) with 95% confidence intervals were carried out to investigate (1) the association between household drinking water Mn concentrations and toenail samples Mn concentrations collected during pregnancy and postpartum and (2) the association between estimated women's daily-ingested Mn from household drinking water and Mn content in toenails collected during pregnancy and postpartum. In addition, the association between drinking water and maternal toenail Mn concentrations during and after pregnancy was evaluated within intervals according the tertiles cutoff levels of 0.9 μg/L and 9.8 μg/L, calculated using the Mn concentrations in all household water samples analyzed ( Figure S1 ). Pearson's correlation and loess also were used to examine the association between Mn concentrations in paired maternal toenail samples collected during and after pregnancy. The sensitivity analyses included multivariable generalized additive models using toenail Mn as dependent variables and water Mn, water consumption, and all the selected characteristics of the study population depicted in Table 1 as independent variables. All statistical analyses were carried out with the R software for statistical computing version v.3.5.0 [38] .
Results
Study population
Our study included 1033 women recruited between 2009 and 2014. Of the 1033 women recruited in this time frame, 919 provided a water sample from their household tap and confirmed usage of tap water as the main drinking source. Of these, 734 and 717 women provided toenail samples during pregnancy and postpartum, respectively; 596 women provided toenail samples for both these time points. Among This data set include women from the "Complete" data set that provided toenail samples collected during pregnancy c This data set include women from the "Complete" data set that provided toenail samples postpartum. NA means not available them, 598 (81%) and 594 (83%) women gave further details about their daily amount of tap water intake. The women's median age at enrollment in the cohort study was 31 years. The majority of the women were white, married, did not smoke during pregnancy and over half of them had more than one previous live births. The women's median (first-third quartile) daily household water intake, calculated from the average consumption reported in a 2-day food diary, was 1.0 L (0.4-1.6 L) ( Table 1) .
Drinking water and toenail samples Mn content
The NIST Natural Water Standard Reference Material 1640a Mn average percentage recovery ± SD was 96.7 ± 4.7% and the Mn water limit of detection was 0.05 μg/L. The median household water Mn concentration was 2.9 μg/L based on 919 water samples (range, undetectable-8,340 μg/L); 13.2% of them had Mn levels higher than the US EPA guideline of 50 μg/L [39] . The median concentration of Mn in toenail samples collected during pregnancy and postpartum was 0.34 and 0.32 μg/g based on 734 and 717 toenail samples, respectively (Table 1) . A positive correlation was found between Mn content in toenails collected during pregnancy and that in postpartum toenail samples (r = 0.47, p < 0.001, n = 596) (Fig. 1) , which was consistent for the low (r = 0.48), medium (r = 0.43) and high (r = 0.43) water Mn tertiles. In addition, a non-linear positive association was found between drinking water Mn concentrations and maternal toenail Mn content (r = 0.19, p < 0.001, n = 734, and r = 0.23, p < 0.001, n = 717, during pregnancy and postpartum, respectively) ( Fig. 2) with a stronger association observed at higher concentrations of water Mn. The correlation coefficient was statistically significant among women consuming water with Mn concentrations higher than the second tertile cutoff point of 9.8 μg/L (r = 0.31, p < 0.001, n = 234, and r = 0.38, p < 0.001, n = 239, during pregnancy and postpartum, respectively) and closer to null among those consuming water with a Mn concentration lower than or equal to 9.8 μg/L (r = 0.04, p ≥ 0.49, and r ≤ 0.08, p ≥ 0.23 during pregnancy and postpartum, respectively) ( Table 2 ). The overall correlation coefficients and shape of the associations were consistent with those observed between estimated maternal daily-ingested Mn from household water consumption and toenail Mn concentrations (r = 0.22, p < 0.001, n = 598, and r = 0.23, p < 0.001, n = 594, during pregnancy and postpartum, respectively) (Fig. 3) .
The sensitivity analyses showed that none of the variables of the selected characteristics of the study population were associated with toenail Mn in the postpartum samples, whereas an association was observed between toenail Mn in samples collected during pregnancy and smoking and parity; however, the inclusion of these variables did not appreciably influence our results (data not shown).
Discussion
In the present study, we evaluated the reliability of maternal toenail samples collected during the second to third trimester of pregnancy and 2 weeks postpartum and compared toenail Mn concentrations with Mn content in home tap water. Among women that provided toenail samples (i.e., during pregnancy or postpartum) only 12.3% of them were exposed to water Mn concentrations higher than the U.S. EPA standard of 50 μg/L. Despite the generally low level of exposure from water intake, we found that toenail Mn concentrations and water Mn content followed a non-linear positive association with an increasing trend at higher levels of water Mn (i.e., above 10 μg/L). At these levels, water concentrations explained between 10% and 14% of the Mn variability in toenail samples collected during and after pregnancy, respectively. The lack of correlation at the lower levels of water Mn intake could have been due to misclassification of exposure owing to dietary sources of Mn intake. Alternatively, it is conceivable that a greater increase of toenail Mn content at higher levels of water Mn exposure is owing to Mn homeostasis becoming overwhelmed at levels above a certain threshold according to the reported Mn U shape dose-response relationship [1, 3] . Understanding these possibilities will require further investigation. Toenail manganese as biomarker of drinking water exposure: a reliability study from a US pregnancy cohortTo our knowledge this is one of the few population studies to evaluate toenails as an exposure biomarker to ingested Mn from water consumption. A prior study carried out in Canada on school age children (6-13 years) consuming well water reported that toenails Mn concentration was positively correlated with Mn concentration in drinking water (r = 0.29). In this study, the geometric mean of Mn concentrations was 1.95 μg/g in children toenails (range, 0.11-32.0 μg/g) and 5.7 μg/L in drinking water (range, 0.1-1046 μg/L) [27] . A few studies reported on toenail as a biomarker of exposure in occupational settings, where concerns arise from inhalation of airborne particles. One study conducted in welders reported that toenail Mn concentrations correlated most strongly with cumulative Mn exposure during the period 7-12 months before toenail collection, suggesting that toenails may reflect Mn exposure within that window of toenail growth [15] . It is noteworthy that toenail Mn did not correlate with dietary Mn intake in the latter study. Another study reported that toenail Mn concentrations were higher among welders compared to control subjects (mean of 6.87 and 2.70 μg/g, respectively) [16] . In our study, we found much lower mean toenail Mn concentrations (median of 0.34-0.32 μg/g) compared these studies in occupational settings [15, 16] or the study on children consuming well water in Canada [26] .
Our study has notable strengths and limitations. We had a relatively large data set including replicate maternal toenail samples collected during and after pregnancy in addition to detailed information about Mn concentrations in household water. However, we did not estimate Mn maternal exposure from other sources outside the home tap drinking water that may have contributed to the Mn body burden such as diet, which could include prenatal vitamins for pregnant women. Furthermore, we estimated the level of water consumption using reported information on a 2-day food diary, which may not accurately capture the long-term average water consumption patterns. Interesting, the correlation based on tap water concentrations was similar to that based on the estimated intake that considered also the amount of water consumed, suggesting that the addition of the consumption variable did not appreciably alter our findings. Moreover, lack of accurate water intake information would likely have biased our findings toward the null. We were not able to account for temporal variability in household water Mn, as the concentrations were analyzed only once; however, Mn content in water of private wells are likely to be more stable than public sources [40] . High levels of Mn exposure have been associated with adverse neurodevelopmental outcomes, including exposure during pregnancy and early-life [3, 16-20, 22, 41, 42] . Our findings were based on toenail samples from women with no occupational exposure to Mn, identified from the information reported on the occupational history and activities questionnaire, and consuming household drinking water with generally lower Mn concentrations than in previous studies [17] [18] [19] [20] [21] [22] [23] . They indicate that toenail samples may be a reliable biomarker of environmental Mn exposure and specifically reflect drinking water exposure, especially at higher Mn water concentrations. In addition, our findings on the correlation between Mn concentrations in paired toenail samples suggests that a single sample may be a reasonable measure of chronic environmental Mn exposure, particularly to estimate exposure from water consumption. 
